The present investigations on the long-lived rats previously irradiated with 700 rads of X-rays were made on the bone marrow cells because they constitute a sensitive tissue (Core and Mole 1966) critical to survival of irradiated animals.
The animals surviving after a high sublethal irradiation seem to be healthy after recovering through a period of time following irradiation.
Nevertheless, development of a number of residual damages and a faster advancement of degenerative changes and neoplasias in irradiated animals leading to a shortening of their lif espan (United Nations Scientific Committee on Effects of Atomic Radiation 1972) prove that these organisms are not quite recovered.
Recent experiments made by Covelli and Metalli (1973) have indicated that ageing mice survived after 700 rads of whole-body X-irradiation were deficient in their haemopoietic system. The long-term deficiency according to these authors could not be explained only by a reduced number of pluripotential stem cells in irradiated survivors. As has been suggested by Gong et al. (1969) "residual injuries" lagging behind the sublethal irradiations may be rather the consequence of permanently altered functions of the survived stem cells.
Nowadays it is known, that chromosome aberrations, the most obvious residual damages produced by irradiation, represent a great deal of genetic injuries and that primary lesions may undergo further changes from their original radiation damages. This has led to extensive research on the induction of chromosome aberrations in mammalian somatic tissues. Numerous reports have confirmed that various chromosome anomalies may persist for many years in somatic cells of humans X-rayed for diagnostlc reasons (Bloom and Tjio 1964) , in individuals which were therapeutically (Court Brown et al. 1965) or accidentally (Goh 1975) exposed to radiation and also in persons subjected to occupational exposure (Ishihara and Kumatori 1969) . The longlasting effect of radiation have been also shown upon animal chromosomes in Chinese hamster (McKay and Shaw 1974) , swine (Mailhes and McFee 1974) , monkey (Kosichenko 1973) and recently in rats (Kohno and Ishihara 1976) . Some of the results have indicated that aberrations observed in circulating leucocytes were identical to those found in bone marrow cells. Moreover, the existence of a selection process of persisting abnormal cells in vivo and further evolution of these cells to clones were shown. 
MATERIALS AND METHODS
In this study albino male rats, originally of the Wistar strain maintained in closed rat colony of the Boris Kidric Institute of Nuclear Sciences-Vinca, were used. Young adults, 3 months old, were exposed to 700 rads of whole-body X-irradiation delivered to animals at the dose-rate of 100 rads/min.
The other radiation factors were : 200 kV, 16 mA and 0.5 mm Cu filter. After exposure rats were returned to the plastic cages and fresh water and laboratory food were available ad libitum. The animals were maintained in the room with controlled temperature (22±2°C) and air flow. Rats were observed for mortality, weighed and examined hematologically through a period of 17 months.
They were individually inspected two times monthly for signs of tumors or disease.
The animals appeared near death from different causes were killed by cervical dislocation and the femoral marrow was used for chromosome preparations.
Chromosomes were prepared by the method of Ford and Woollam (1963) with minor modifications.
The rats were injected, 60 min before death, with a solution of colcemid (Ciba Pharmaceutical, Inc.), the dose being 4 mg/kg body weight. The bone at the proximal end was carefully cut away and a 21 gauge needle was inserted into distal end and marrow washed out with 1% sodium citrate solution.
The content of two femurs was pooled in hypotonic solution warmed at 37°C. The marrow was broken up into fine cell suspension by repeated aspirations through the needle and then incubated.
Following hypotonic treatment, the cells were fixed in three changes of 3:1 methanol : acetic acid refrigerated solution.
A portion of the cell suspension was washed out in three changes of 45% acetic acid, dropped onto clean slide and dried before staining in buffered Giemsa solution.
All visible anomalies were recorded but only clonal abnormalities were included in the reported data. From each animal about a hundred well spread metaphase cells were observed except in some cases because of the lack of material.
Ten informative cells were chosen from each rat for full karyotype analysis.
Chromosome have been arranged and numbered according to a standard system of nomenclature for rat chro- 
RESULTS

Unstable chromosome aberrations:
In the present study a group of 78 rats was investigated.
Thirty of them were unirradiated controls and the remainder (48 males) was previously exposed to whole-body X-irradiation.
The analysis of bone marrow specimens from normal rats of corresponding ages has shown that 97% of the cells examined were with modal chromosome number and without aberrant chromosomes.
The frequency of the cells with unstable aberrations (e. g., breaks, deletions) varied from 2 to 6%, the mean value being around 3%.
In the bone marrow of rats killed after 9 to 17 months following irradiation the frequency of cells with unstable aberrations was slightly above that found in controls (average 4.3%).
Stable chromosome aberrations:
The analysis of marrow samples of the late survivors revealed the cells with definite karyotypic abnormalities in 44/48 (91.7%) rats studied.
These cells with different chromosome anomalies seen within the first week after irradiation existed autonomously and some of them were recognized later as members of large clones. The term "clone" has been used to denote a cell population comprising more than 10% of dividing cells recognized by the same chromosome abnormality.
The number of cell types decreased with time and clone formation was observed within the first month following irradiation.
In the period from 9 to 17 months after exposure to radiation a further decrease in number of aberrant clones was found. At the same time, an increase of clones in size with increased survival time of irradiated rats was detected.
As shown in Table 1 , the late cytogenetic effect of radiation represents a state where in 58.3% (28/48) of the animals, a clone of abnormal cells with marker(s) chromosome(s) populated the bone marrow tissue. The parallel existence of two clones was revealed in 15 cases (31.2%); three clones were found in a single animal and only in 4/48 (8.3%) of irradiated rats the clones were not found.
From this material a total of 4,611 metaphases was analysed. The frequency of normal diploid cells was 54.7±5.61% (range 9.5 to 98.9%) and the cells with abnormalities in their karyotypes was 41.4±5.89%
(range 1 to 90.9%). The mean frequency of clone cells for two groups of animals killed after 9 and 17 months following irradiation was found to be 20.6±3.42% and 61.6±4.26%, respectively. This difference, as was evaluated by Student's t-test, was significant (P<0.01).
The increase of clones in Table 1 . Distribution of of X-irradiated clones with chromosome rats (700 rads) markers in bone marrow size with time after irradiation was followed by a decrease in the number of normal diploid cells. The relationship between the frequency of clone and normal diploid cells in the bone marrow of the late survivors and the time of their killing after irradiation is presented in Fig. 1 . This relationship for clonal cells is determined by the correlation coefficient (r=0.820) showing a linear and significant correlation (P<0.01). Correlation coefficient for diploid cells was estimated to be -0.716 showing a negative correlation significant at the 5% probability level. These results indicated that in rats, at least under the experimental conditions, the haemopoietic tissue repopulation was clonal in form.
The extent of such a repopulation seems to be related to the tumor development and the time elapsed from exposure to radiation. The majority of the long-lived rats developed tumors in the period from 14 to 17 months after irradiation. Their marrow tissues were characterized by the presence of a single clone with marker chromosome(s) which were demonstrative in majority of marrow cells and in some cases in almost all marrow cells. Among 48 irradiated rats, 19 (39.6%) were with tumors and 24 to 91% of their marrow cells belonged to the clone cell karyotype ( Table  2 ). The data have also shown that in 9/19 tumorous rats, clonal population included 58, 65, 66, 67, 73, 82, 89, 90 and 91% of the dividing cells examined.
However, in the bone marrow of 5 rats, with no visible signs of tumor, about 50% and in a case 87% of clonal cells was found.
In the rats that had a shorter lifespan, and which were dying from different causes in the period from 9 to 14 months after irradiation, a lower incidence of clones was observed (Fig. 1) . One of the reasons for a lower frequency of clones in this period might be in that these animals didn't live long enough to express full development of tumor and/or clone formation. Normal rat cell: Karyotype of a normal male rat and designation of chromosomes are given in Fig. 2 . From 30 rats we analysed 3,000 cells and we did not find any consistent karyotype anomaly.
Karyotype of irradiated rat cells: Cytogenetic study of the haemopoietic tissue of the late survivors revealed the existence of different types of clonal abnormalities including deviation in chromosome number and size, centromere position and the appearance of extra chromosomes.
The abnormality of a hypodiploid cell with modal number 41 (Fig. 3) , extra large (Fig. 4) . A small fragment by the marker, possibly the centromeric segment from one of the chromosomes involved into rearrangement, was consistently present in this type of cells. A metacentric missing and an additional element similar to chromosome 11 were also the morphological characteristics of the cell. This type of cells was found in the marrow tissue of 4 rats.
The marrow tissue of an animal with tumor, which was killed after 17 months following irradiation, contained 66% of this type cells. The cell presented in Fig. 5 is characterized by two conspicuous anomalies one of which is a large submetacentric and the other a large telocentric chromosome. Two marker chromosomes are supposed to be originated from the chromosomes 1, 2 and 14. An extra chromosome similar to chromosome 11 is classified as belonging to the group No. 11. The abnormal cell was found in the marrow tissue of a tumorous rat killed after 15 months following irradiation.
In this animal 73% of the dividing marrow cells belonged to this cell type.
The analysis of a clone with multiple chromosome exchanges (Fig. 6 ), confirms the presence of an extra subtelocentric chromosome resembling in size to the largest subtelocentric chromosome, and the absence of a chromosome which is identified as the small metacentric chromosome 14. The pattern consistency suggests the loss of the centric segment from a chromosome 2 after a breakage that seems to be happened in the median region of this chromosome.
A remaining portion of this chromosome is apparently translocated to one chromosome 14 forming the remarkable marker (M while the other is attached to the long arm of a chromosome 13. An additional chromosome similar to chromosome 11 is also present. The origin of this element is obscure. The clone was found in 11 rats, (range 16 to 90%), 6 of which had tumors.
In one tumorous rat killed after 14 months following irradiation this clone comprised 67% of the dividing cells examined.
In another 2 rats with tumor, killed 12 and 14 months after exposure to radiation, the original population of the haemopoietic tissue was almost replaced by clonal cells of this type (90 and 82% of the marrow cells analysed, respectively).
The anomaly involving an exchange between the two homologous chromosomes 1 is the characteristic feature of a clone presented in Fig. 7 . Extra material on distal half of the long arm in this chromosome corresponds to deleted terminal segment from the long arm of the other homologous. This translocation was consistently followed by loss of all or the greater part of the short arm in deleted chromosome 1, then by partial deletion of the short arm in chromosome 3 and by deletion of the long arm of both chromosomes 3. The clone was found in 2 tumorous rats killed after 10 and 15 months following irradiation.
The marrow population of these animals contained 60 and 91% of this type cells, respectively.
The analysis of the marrow cells from 2 rats, both with growing tumors, revealed one chromosome 3 exhibited a secondary constriction over the very distinct short arm like a satellite stalk (Fig. 8) . Structural polymorphism of the chromosome 3 was consistently followed by deletion of the long arm of a chromosome 2. The deleted material appears to be fused to the distal end of the long arm of its homologous.
The haemopoietic tissue of 2 rats killed after 13 and 16 months following irradiation contained 37 and 65% of these cells, respectively. The most common clone revealed in this material was characterized by polymorphism of chromosome 4 (Fig. 9 ). This abnormality is supposed to be originated from a pencentric inversion of a chromosome 4. This clone was found in the bone marrow of 18 rats, the most often along the other clone of abnormal cells. The frequency of the clone ranged between 10 and 37% in 15/18 animals.
In the marrow tissue of a rat with growing tumor, the clone was determinant abnormality comprising 58% of the cells examined.
However, in the marrow tissues of 2 rats without tumor, killed after 14 and 16 months following irradiation, this clone existed as a large fraction of cells (50 and 87% of the cells analysed, respectively).
A clone with the polymorphism of chromosome 1, revealed in an animal with tumor at the 15th months after irradiation, comprised 49% of an animal marrow cells.
The high frequency of a clone, with deletion of a chromosome 3 short arm, was found in 2 rats killed after 15 and 17 months following treatment, the latter of which was with tumor (56 and 89% of the dividing marrow cells belonged to the clone, respectively).
Many cell populations with various abnormalities existed with a frequency under 10% but they have not regarded as clones and were not described in this report.
DISCUSSION
The main object of this study was to investigate, in a group of rats, chromosome injuries and see whether the induced abnormalities may change with time following irradiation and be different among the long-lived animals. These studies, undertaken on the rats killed after 9 to 17 months following irradiation, have indicated that frequency of unstable aberrations was, in average, slightly observed in the present study, is in agreement with the results of Nowell et al. (1965) obtained on the bone marrow of the long-lived mice and those reported by Ishihara (1968) for the bone marrow taken from fishermen exposed to fallout radiation many years before.
The abnormal cells we have analysed in the bone marrow of the late survivors were limited to those with stable chromosome abnormalities.
Consequently, the bone marrow tissue in most of cases, was composed of a heterogeneous population of cells in respect to the genotype.
The level of this heterogeneity varied among the animals. Nevertheless, a considerable loss of the original genotype cells was found in the haemopoietic tissue of irradiated rats throughout the experimental period.
The decrease of normal diploid cells was followed by an increase of clones in size, some of which showed a tendency to overgrow the original marrow population.
Accordingly, the late cytogenetic effect of 700 rads of X-irradiation represents a state in which, in 58% of irradiated animals, a clone populates the bone marrow tissue the most often with a high incidence of abnormal cells (50 to 90% of the dividing marrow cells).
The frequencies of clones in the bone marrow, taken from the animals at different times after irradiation, increase with increased survival time of these animals. The relationship between the frequency of clonal or normal diploid cells in the bone marrow of the late survivors and the time of their killing after irradiation is determined by the correlation coefficients showing a significant positive correlation in the case of clonal cells (r=0.820) and the negative one in the case of normal diploid cells (r=-0.716).
Evaluation of the increase in clone size in the time following irradiation, made by Student's t-test, has shown that difference in the frequency of clones at the begining and at the end of the experimental period was significant (P<0.01). The present results concerning the increase in clone size after irradiation are consonant with the results demonstrated by Nowell and Cole (1967) in reticular tissues of mice sacrificed 6 to 17 months after receiving a total-body X-ray dose of 500 rads.
Very impressive data on the process of clone formation and increase of clone in size after irradiation were reported by Kohno and Ishihara (1976) in the same irradiated animal by bone marrow biopsy method.
From the present data, one may conclude, that exposure to X-ray dose of 700 rads delivered at a high dose-rate (100 rads/min), induces the cells with marked genotypic changes which seems to function as the progenitor cells of comming clones populating the haemopoietic system of sublethally irradiated rats. Two findings from the present study contribute to this: First, stable structural rearrangements were seen within the first week after irradiation in a single or in a few cells; some of the abnormalities were later recognized as the distinctive markers of clones comprised large portions of repopulated marrow tissues of the late survivors.
Second, identical clones, both in bone marrow and spleen, were found in more of the animals.
The latter finding provides a suggestive evidence to clonal repopulation of spleen by pluripotential stem cells migrating from one haemopoietic site to another during the process of regeneration (Ford et al. 1957; Nowell and Cole 1967) .
Formation of clones with chromosome abnormalities in the bone marrow of heavily VERA D. JANKOVIC-STEJIN AND DUSAN T. KANAZIR (Ford et al. 1959 ) and sublethally irradiated mice Cole 1963, 1967; Nowell et al. 1964 ) is well known.
The clone is believed to have arisen from a single ancestral cell (Ford et al. 1957; Kohno and Ishihara 1976) representing the initial stage in the evolution of a clone, possibly pathological, as has been supposed in humans (Lejeune et al. 1967; Schneider et al. 1969) . Regarding the clone formation in the bone marrow of mice, Nowell et al. (1965) and Nowell and Cole (1963) have reported that a single dose of X-rays (500 rads) delivered to animals at a high dose-rate (30 rads/min) resulted in many more cells with persistent aberrations than did a greater dose of gamma rays (930 rads) delivered at a low dose-rate (1.45 rads/h) Moreover, with increasing dose from 100 to 700 rads, frequency of clone cells increased and the reticular tissues were repopulated from fewer and fewer surviving cells (Nowell and Cole 1967) . In view of these findings, authors put forward a theory according to which the clonal repopulation of the haemopoietic tissue is possible in a highly depleted marrow occuring after high doses delivered at the high dose-rates.
Such an emptied marrow could provide "opportunity and space" for a few defective stem cells having a growth advantage to repopulate the marrow with recognizable clones. The data of Nowell and his colleagues and other authors, which were obtained in human (Ishihara and Kumatori 1969; Nowell et at. 1964) , monkey (Kosichenko 1973) , rat (Kohno and Ishihara 1976) as well the present data clearly demonstrate that somatic cells with stable chromosome anomalies may propagate in mitotically active bone marrow tissue and persist in the form of clones for a long time after irradiation. Our results have indicated that the process of cloning in vivo might be influenced with the time elapsing from exposure to radiation as well with development of tumors appearing in rats in the late stages of their life. The majority of the long-lived rats developed tumors in the period from 14 to 17 months after irradiation.
The bone marrow tissue of these animals was characterized by appearance of predominating clones with marker chromosome (s) which were demonstrative in most of cells or in almost all marrow cells. More than half of the rats carried tumors had in their marrows a single clone comprised 60 to 90% of dividing cells with remarkable genotypic alterations.
Some of the rats with a longer survival time and without growing tumors had also a high frequency of clonal cells in their marrows, although in a lower level in comparison to the tumorous animals.
We suppose, therefore, that one of the reasons for a lower frequency of clone cells in rats having a shorter life-span may be in that these rats didn't live long enough to show full development of tumor and/or clone formation.
It is difficult to evaluate whether these abnormal cell populations may play any role in the pathogenesis of the tumor induced by radiation or not, but, they could serve as indicators of the abnormalities in other tissues in which the tumor advancement was visible.
Chromosomal characteristics of the bone marrow of our animals (chromosome variability, selective cellular proliferation leading to clone formation, the increase of clones in size with time after treatment, marker chromosomes) show many of similarity to those found in primary tumors of rats (Mitelman 1971) .
According to the stem line theory of carcinogenesis, cancer is formed from a single cell (Bishun 1973) understanding that "minute genomic changes are involved before the bizzare anomalies, like marker chromosomes, occur" . The same marker chromosomes seen in the early period after irradiation and also in the late survivors suggest that a relationship between reproducible abnormalities forming clones and advancing tumors may possibly exists throughout the time following irradiation.
SUMMARY
The present cytogenetic study was made on the bone marrow cells of 48 male rats killed after 9 to 17 months following acute whole-body X-irradiation.
We found that exposure to a dose of 700 rads of X-rays, delivered to animals at a high dose-rate (100 rads/min) resulted in a widespread karyotype variability.
The number of cell types were existing independently in the haemopoietic tissue within the first week after irradiation, decreased with time. The selection process of persisting abnormalities as well a further evolution of the cells with new karyotypes to clones, were evident after a month following irradiation.
Consequently, the analysis of haemopoietic tissue revealed, in 92% of the late survivors, a genetically heterogeneous cell population in which the number of normal diploid cells decreased to a considerable extent.
Clones increased in size with elapsing time from exposure to radiation. Thus, the mean clone cell frequency for animals killed after 9 to 17 months following irradiation ranged from 20.6±3.42% to 61.6±4.26%. Analysis of the data showed a significant positive correlation between development of clones in vivo and the survival time after irradiation (r=0.820; P<0.01).
For such a finding, the occurence of large clones especially in the bone marrow of rats with growing tumors was of the great influence. Relationship between the degree of mutagenesis on the chromosome level and the process of tumor advancement is discussed.
